Abstract-We present a high-power InAlAs/InGaAs/InP heterostructure barrier varactor (HBV) frequency tripler. The HBV device topology was designed for efficient thermal dissipation and high efficiency. To verify simulations, the device was flip-chip soldered onto embedding microstrip circuitry on an aluminum nitride substrate. This hybrid circuit was then mounted in a waveguide block without any movable tuners. From the resulting RF measurements, the maximum output power was 195 mW at 113 GHz, with a conversion efficiency of 15%. The measured 3-dB bandwidth was 1.5%.
I. INTRODUCTION

M
ANY OF the available sources today at the frequencies of 0.1-3 THz are bulky, expensive, inefficient and, in some cases, only operate at cryogenic temperatures. Sources at these frequencies could be exploited in areas such as radio astronomy, medicine, biology, and security imaging. An approach to remedy the lack of efficient sources and allow for a number of applications to flourish is to multiply the output frequency from a fundamental source such as an IMPATT diode, Gunn diode, and oscillator circuit [1] . A varactor type of device like the Schottky diode [2] or the heterostructure barrier varactor (HBV) diode is a nonlinear element that can generate higher order frequencies by multiplication. The HBV has the benefit of operating without dc bias, only producing odd multiples of the input frequency, i.e., 3×, 5×, 7×, . . . . This type of diode is realized by epitaxially growing a heterostructure sequence of low-high-low bandgap material. When a voltage is applied across such a semiconductor material, the high bandgap material acts as a barrier for the carriers causing accumulation and depletion of carriers in the respective low bandgap layers. This has the effect of changing the capacitance as a function of the applied voltage C = C(V ). It is this nonlinear effect that is utilized for the multiplication of the input frequency. Since the layer sequence can be repeated during growth, several barriers can be stacked to make the device withstand a large voltage amplitude and, thus, high power. Earlier reports of high output power from an HBV demonstrated 91 mW at 93 GHz with a conversion efficiency of 10% [3] . Experimental results at higher frequencies have been reported producing 9.5 mW at 300 GHz with a conversion efficiency of 8% [4] and 6 mW at 288 GHz [5] with an integrated circuit approach. State-of-the-art results for multipliers based on Schottky diodes are exemplified by a doubler producing 300 mW at 99 GHz [6] .
In this letter, we present state-of-the-art results from an HBVbased tripler designed for high output power. The design and fabrication of the HBV device and circuit are described below, followed by an account of the measurement setup and results.
II. DESIGN AND FABRICATION
Because of the high power pumped into the HBV device, care has to be taken to-alongside the electrical calculationsinclude and optimize the thermal aspect [7] - [9] of the tripler operation. The epimaterial is a generic HBV design [10] with three barriers, in order to operate at high voltages. For this structure, the modulation layer is 250 nm with a doping concentration of 1 × 10 17 cm −3 and a 13-nm barrier thickness. We chose the symmetric planar topology [11] - [13] for the HBV device. But, instead of the conventional two mesas, we have connected four mesas in series as shown from the SEM micrograph in Fig. 1 . The reason for this is twofold. Growing six barriers in the pseudomorphic AlAs/InAlAs/InGaAs material system is difficult; also, the InGaAs alloy has a magnitude lower thermal conductivity than the InP substrate, resulting in a poor thermal dispersion when growing a thick epitaxy. Finiteelement-method (FEM) calculations revealed a reduction of the thermal resistance by a factor of two using the four-mesa threebarrier topology. Both the aforementioned reasons call for a thin epitaxy and, therefore, few barriers. Therefore, even though the material itself is only three-barrier "thick," the total number of barriers for the four mesas in series is 3 × 4 = 12. To reduce the series resistance through the connecting buffer layer, the four mesas were elongated with an aspect ratio of 14 : 1. This also increases the thermal cross section through the gold air bridges. The embedding impedances were optimized using the Agilent Advanced Design System, in which the Chalmers' electrothermal HBV model [14] has been implemented. This model self-consistently calculates the interdependent electrical and thermal properties of the device. Three-dimensional FEM modeling was applied to calculate the thermal resistance and electrical series resistance used in the model. Ansoft HFSS 3-D electromagnetic solver was used to design the microstrip circuitry and waveguide block. Aluminum nitride (AlN) was chosen as a substrate for the microstrip circuitry, due to its high thermal conductivity (∼170 W/m · K).
The epitaxial material was grown by molecular beam epitaxy (EPI930) at the Nanofabrication Laboratory at Chalmers. Standard III-V processing techniques were used to fabricate the HBV devices. Photolithography (PL) was employed to pattern the contacts onto image-reversal photoresist. This was then followed by e-beam evaporation of the layer sequence Au/Ge/Ni for n-contact formation. On top of the n-contacts, a layer of silicon nitride (Si 3 N 4 ) was deposited at room temperature using plasma-enhanced chemical vapor deposition to serve as etch mask when defining the mesas. Liftoff in a photoresist solvent was then performed to remove the superfluous Si 3 N 4 /Au/Ge/Ni layer surrounding the mesas. After ohmic contact annealing, the mesas were dry etched by means of an inductively coupled plasma (ICP) in a CH 4 /H 2 /Ar gas mixture. The remnants of the Si 3 N 4 were subsequently removed by ICP dry etching in NF 3 gas. To isolate the devices, a PL pattern masked for the selective wet etchant H 3 PO 4 /H 2 O 2 /H 2 O, removing all of the epitaxial layers down to the SI-InP substrate. For the airbridge formation, a layer of photoresist was cleared at the mesa and contact pad sites by PL patterning. The whole chip was then covered by a seed layer of gold, which was deposited by magnetron sputtering. Another photoresist layer was patterned to define the air-bridge fingers, and the entire chip was gold electroplated to a thickness of ∼2 µm. Ion beam etching was utilized to sputter away the thin seed layer connecting the plated areas. Fig. 1 shows a SEM image of a fabricated four-mesa 12-barrier device. The dc characteristics from such a device are presented in Fig. 2 . This graph shows the characteristic antisymmetric I-V and symmetric C-V curves. From this graph, we can notice the high breakdown voltage of 50 V for this 12-barrier HBV. This value of the breakdown voltage is 20 V lower than what is expected when scaling one barrier to twelve. The reason for this discrepancy could be processing imperfections and/or issues related to measuring with our dc characterization equipment at high voltages.
The circuit was defined using PL and, subsequently, gold plated to define the microstrip elements. Both the HBV device on the InP substrate and the microstrip circuit on the AlN substrate were lapped down to a thickness of 40/100 µm, respectively. The devices/circuits were then diced, and the HBVs were flip-chip soldered onto the microstrip. This hybrid circuit was then mounted in the waveguide block with a WR22/WR10 input and output, respectively. The two-piece waveguide block, with dimensions 30 × 30 × 42 mm 3 , was fabricated from brass and gold electroplated. Fig. 3 shows a photograph of the AlN microstrip circuit mounted in one half of the waveguide block. This image features a description of the different circuit elements included on the substrate such as waveguide probes and a low-pass filter. The waveguide block has no movable tuners.
III. RESULTS AND DISCUSSION
The measurement setup consists of an HP83650B signal generator, a SpaceK Labs power amplifier SP342-35-31, an isolator, the waveguide block, and an Erickson PM2 power meter. These instruments were connected in series in the order mentioned. At the output of the isolator, before the multiplier input, the available input power was measured with a calibrated 20-dB attenuator and an Agilent E4419B power meter. To verify the matching at the input, we also used a 10-dB directional coupler between the input of the waveguide block and the isolator. The reflected power at the directional coupler was measured by means of the Agilent E4419B power meter. Fig. 4 shows the measured output power as a function of the input power, and we can see that the maximum output power is 195 mW at 113 GHz. Plotted in this graph is also the conversion efficiency with a maximum of 15% for high input powers. The drastic increase of efficiency above 0.4 W is accredited to a voltage-swing dependent impedance and C max /C min ratio. The maximum input power was 1.3 W. We also measured a fixed-power frequency sweep presented in Fig. 5 . The 3-dB bandwidth which is centered around 113.25 GHz was found to be ∼1.5%. This is mainly attributed to the bandwidth of the embedding circuitry, i.e., the passive circuit on the AlN substrate. Measurements with the directional coupler connected showed that for high input powers, the reflected power was less than 7%, which indicates good matching at the input. During the design process, the circuit was tuned to a center frequency of 104 GHz. The deviation from target frequency for the measured results is believed to stem from the uncertainties in the AlN material parameters and device fabrication. Further modeling has shown that by tuning the material parameters used in the calculations and by improving the microstrip circuit design, significant improvements in the output power, conversion efficiency, and 3-dB bandwidth are to be expected. Experimental reports have shown that a conversion efficiency of over 20% is feasible for frequencies around 100 GHz [15] .
IV. CONCLUSION
We have designed, fabricated, and characterized an HBVbased frequency tripler intended for high output power. The devices were fabricated from AlAs/InAlAs/InGaAs/InP epitaxial material, while the microstrip circuit was realized on an AlN carrier substrate. The high-frequency measurements showed state-of-the-art results, increasing the output power at ∼100 GHz by a factor of two compared to the previous reports on HBV-based multipliers. The maximum output power was 195 mW at 113 GHz, with a conversion efficiency of 15%. Additional simulations of an augmented circuit design show performance improvements and are expected to yield further increases in output power, efficiency, and 3-dB bandwidth.
